During mating, male Drosophila melanogaster transfer to the female's cuticle a compound (7-tricosene) that is almost absent from virgin females but is the major hydrocarbon component of the male's cuticle. During the first 3 hr after mating, the amount of7-tricosene on a female decreases sharply but remains significantly above virgin levels. By 6 hr after mating, female synthesis of 7-tricosene has increased, and females release it when they are exposed to courting males. Transfer of 7-tricosene to immature virgin females by courting males significantly decreases their attractiveness, so 7-tricosene has demonstrable antiaphrodisiac properties. Thus, mated D. melanogaster females appear to mimic males by releasing during courtship, an antiasphrodisiac pheromone that is almost absent from virgin females but is the most prominent hydrocarbon of the male cuticle.
Mature virgin Drosophila melanogaster females are highly attractive (elicit high levels ofcourtship from males), but after mating, female attractiveness quickly decreases by half or more (1, 2) . A complete mating, which normally lasts about 20 min, is not necessary for this initial decrease. Copulations interrupted after 3 min effect nearly the entire reduction in female attractiveness, and some reduction occurs after copulations lasting only 1 min (2) . Production of female-specific courtship-stimulating compounds remains near virgin levels for about the first 3 days after mating (3), so loss of sex stimulants does not contribute to the initial decrease in female attractiveness. By 24 hr after a complete mating, females release an aversive chemical cue when they are courted (4) (5) (6) (7) . This cue probably helps maintain lower female attractiveness after the initial decrease (see ref. 8) .
During mating, the male-specific lipid cis-vaccenyl acetate (cVAc: cis-11-octadecen-1-yl acetate) is transferred to females (3, (9) (10) (11) (12) . Topical application ofcVAc to virgin females inhibits male courtship and mating (1, 13) , which suggests that cVAc could be involved in the regulation of matedfemale attractiveness (1, 8, 13, 14) . However, most of the cVAc in mated females is lost during the first 4-6 hr after mating (12, 13, 15) . Further, the primary antiaphrodisiac of mated females is probably not the male-derived cVAc but rather a compound produced by females themselves (14) .
Mane et al. (1) proposed that cVAc in mated females was hydrolyzed to cis-vaccenol (cVOH) by esterase 6, another component of the male ejaculate (16). Production of cVOH could then lead to a reduction in female attractiveness beyond that due to cVAc alone (1) . This hypothesis accounted for both the rapid loss of cVAc from the female and the appearance of a female-produced antiaphrodisiac. However, subsequent experiments showed that the loss of cVAc from mated females is independent of Esterase 6 transfer and that hydrolysis of cVAc to cVOH does not occur in vivo (12) .
Instead, cVAc lost from mated females' reproductive tracts is deposited onto the substrate, where it interacts with food odors as an aggregation pheromone (15) .
The rapid loss of cVAc from mated females, and the absence of cVOH, indicates that other compounds may be the functional antiaphrodisiacs for D. melanogaster. These compounds either should be present on the female within the first 3 min after copulation begins (3 min of copulation is sufficient to induce a loss of female attractiveness: see ref. 2) or be released during male courtship (5) (6) (7) (8) . One compound could also fit both criteria. Any such compound(s) would also have antiaphrodisiac properties-i.e., would inhibit male courtship. Here, I show that a single group of three closely related alkenes (tricosenes) meets each ofthese three criteria. The major component of this group is 7-tricosene, a 23-carbon alkene with the double bond at position 7 (8, 17) .
MATERIALS AND METHODS Drosophila Stocks. All flies were from the Canton-S strain of D. melanogaster raised on yeast-inoculated cornmeal/ agar/molasses medium at 220C. Adult flies were 4-5 days old when tested and had been individually stored in yeastinoculated 8 -dram (-30-ml) food vials at 25TC since about 20 hr after eclosion. Immature females were 20-22 hr old and had been isolated since 2 hr after eclosion.
Experimental Design. Flies were mated in the females' storage vials. In the first group of experiments, matings were interrupted after 0-1, 3, and 6 min by rapidly aspirating the mating flies in and out of the vial. The females volatilecompound profiles were analyzed (see below) and compared both to those of virgins and to those of females that had completed a normal mating. This experiment quantified changes in volatile compounds during mating.
In a second experiment, all flies were allowed to complete a normal mating. Males were removed from the vials within 0.5 hr after mating was completed, and the females were set aside at 22TC. At (17) and the similarity of their retention on the DB-1 column, also had the same retention times on a DB-225 fused-silica column (J&W Scientific), thus confirming that they were the same compound. Identification of 7-tricosene was confirmed by mass spectrometry (Kratos MS80F coupled to a Carlo Erba gas chromatograph with a DB-5 fused-silica column). Other tricosenes present in very small quantities, here designated T1 and T2, were identified (from ref. 17 ) by their retention times relative to 7-tricosene on the DB-1 column.
RESULTS
Male Predominance of Tricosenes. About 425 ng of 7-tricosene was recovered from washes of adult males, but only about 20 ng from adult virgin females, so 7-tricosene is predominantly a male hydrocarbon. Minor tricosenes T1 and T2 were also more prominent in males (Table 1) , consistent with values obtained elsewhere (20) . In both sexes, most of the 7-tricosene present is removed by a 1-min wash (Table 1) .
Changes in Female Volatile Compounds During Mating. The 7-tricosene that could be removed from females by a 1-min wash increased rapidly during mating, to about 75 ng at the end of a normal copulation (Fig. 1) . Most (75%) of this increase occurred during the first 3 min of copulation. During mating, tricosenes T1 and T2 also increased significantly, but the absolute amounts of these compounds remained low (9.6 ± 0.8 and 4.8 ± 0.5 ng, respectively; n1 = n2 = 6). Similar small increases in the minor tricosenes accompanied all increases in 7-tricosene, so the minor tricosenes appear to be quantitatively linked to 7-tricosene. An increase in tricosenes was the only significant change in the volatile-compound profile of females within the first 3 min of copulation, and the increase in 7-tricosene accounted for almost all of this change.
Mechanisms for the Increase of Female 7-Tricosene. Both virgin males and females produce at least some 7-tricosene (Table 1) , so the increase of this compound on mated females could be due either to transfer from the male's cuticle by contact between the two mating flies or to release by the female during mating. I first tested for loss of cuticular 7-tricosene from males during mating. A 1-min wash removes most of the 7-tricosene from males (Table 1) . About the same amount of 7-tricosene is removed by 1-min washes of just-mated and virgin males (Table 2) , so the total amount of 7-tricosene may not differ between these two types of males. However, the amount of the compound removed from males by a 1-min wash is consistently greater than that removed by a 30-sec wash (Table 2 ). This difference indicates that some of a male's 7-tricosene is located internally because volatile compounds are more readily leached from a fly's interior by 1-min than by 30-sec washes (12) .. Internal 7-tricosene might be located in or near sites of synthesis, perhaps the oenocytes (see ref. 8) . A 30-sec wash, which would cause less leaching, removed significantly less 7-tricosene from just-mated males than from virgins (t = 2.53, P < 0.05), which indicates that males lose some 7-tricosene from the surface of their cuticle during mating. The decrease in male 7-tricosene during mating is about equal to the increase of7-tricosene on females (60-70-ng), consistent with a male-to-female transfer. Male synthesis of 7-tricosene may be more activejust after mating, which would account for the similarity of total 7-tricosene between virgin and just-mated males.
A similar comparison ofwashes from virgin andjust-mated females indicates that females do not release stored 7-tricosene during mating. The 7-tricosene removed from females does not increase with a longer wash, regardless of mating status (Table 2) , and a whole-body crush of virgin females did not yield substantially more 7-tricosene than a 1-min wash (Table 1) . Although the quantity of virgin female 7-tricosene may vary between generations or cultures, a 1-min wash, and thus a 30-sec wash as well, recovers most of the 7-tricosene present (Tables 1 and 2 ). This indicates that very little, if any, subcuticular 7-tricosene is available for release by the female during mating. The same amount of 7-tricosene is removed by 30-sec and 1-min washes of just-mated females, as it is for virgins, suggesting that female 7-tricosene synthesis does not increase during or just after mating.
Transfer of 7-Tricosene to Virgin Females During Courtship. To test whether males are also able to transfer 7- Tables 1  and 2 ). This is only about half the female increase during mating (see Table 1 and Fig. 1 ), but contact between the two flies would not be as extensive during courtship as during mating, so a smaller increase would be expected. The increase in 7-tricosene recovered from virgin females following courtship must be due to transfer by males because virgin females do not release antiaphrodisiac compounds during courtship (4, 5) , and 7-tricosene has antiaphrodisiac properties (see results below). Increases in 7-tricosene and the associated minor tricosenes were the only detectable changes in the volatile compounds of virgin females during courtship.
Antiaphrodisiac Properties of 7-Tricosene. Only 7-tricosene and the associated tricosenes were transferred to females during courtship, so it was possible to test their antiaphrodisiac properties by measuring virgin-female attractiveness before and after exposure to males. When immature females were placed in empty Plexiglas chambers for 1 hr between two courtship measurements with the same male (controls, Table 3 ), their attractiveness did not decrease. However, immature females placed with naive adult males for 1 hr, but otherwise treated the same way (experimental, Table 3 ), were significantly less attractive during the second trial. A 1-hr exposure to the same adult male does not decrease a virgin female's attractiveness to that male (4), so general changes in female behavior during exposure to males cannot account for the decrease in attractiveness observed in these experiments. A gas chromatographic analysis of immature females confirmed that 7-tricosene increased by 40-50 ng during 1 hr of exposure to males. Loss of 7-Tricosene from Mated Females. The amount of 7-tricosene on a female's cuticle increased rapidly during mating, then decreased during the next 3 hr if females were not subsequently exposed to males (Fig. 2) . Beyond 3 hr after mating, the amount of 7-tricosene present on noncourted females stayed roughly constant and significantly above virgin levels (Fig. 2) . The rapid decrease of transferred 7-tricosene could be due to actual loss of 7-tricosene from the female or to its being internally sequestered by females, perhaps for later release. If the latter, a whole-body crush of noncourted females mated 24 hr previously should remove about 75 ng of 7-tricosene, the amount initially present on mated females. However, only 43 + 3.4 ng (n = 9) of 7-tricosene could be extracted by this technique, just slightly more than by a 1-min wash (Fig. 2) or a 30-sec wash (34 ± 2.6 ng, n = 6). This shows that male 7-tricosene is not sequestered by mated females and that very little 7-tricosene is present internally before courtship.
Mated-Female 7-Tricosene after Exposure to Courting Males. When mated females were placed with males for 45 min, the amount of 7-tricosene increased, regardless of time after mating (compare broken and solid lines, Fig. 2 ). Again, this could be due to release by the female or transfer from the male. For females mated 1-3 hr previously, 7-tricosene increased by about 30-35 ng during exposure to males (Fig.  2) . However, at 6 and 24 hr after mating, the increase doubled to 60-70 ng. The greater increase at 6 hr after mating cannot be accounted for by greater transfer from males during courtship because these females are about equally as attractive at 2 and 6 hr after mating (21) . These results suggest that by 6-24 hr after mating, females release 7-tricosene during courtship.
Release of 7-Tricosene by Mated Females. To determine whether 7-tricosene became potentially available for release as a result of courtship, I compared 30-sec and 1-min washes of females that had been courted at 24 hr after mating. A 1-min wash removed 107 ± 6 ng (n = 12) of 7-tricosene (see Fig. 2 ), but a 30-sec wash removed only 81 ± 5 ng (n = 6), a significant decrease (t = 3.37, P < 0.01). This indicates the presence of internal 7-tricosene after courtship. If all of the 7-tricosene were on the surface of the cuticle, the amount removed by 1-min and 30-sec washes should be the same as it was for virgin and just-mated females (Table 2) .
To confirm the release of 7-tricosene by mated females, I compared the amounts of 7-tricosene washed from both intact and freshly decapitated females after exposure to males. Decapitated females do not release aversive chemical cues (6) , so any increase in 7-tricosene on decapitated females would be due to transfer by the courting males. A differential increase of7-tricosene on intact females would be due to the release of 7-tricosene. Such an increase for intact females could not be due to differences in the amount of courtship elicited because females mated 1 day previously and then decapitated are about 3 times as attractive as females that have been left intact (8) .
The results (Table 4) show that prior to courtship at 24 hr after mating, about equal amounts of 7-tricosene were present on decapitated and intact females. The 7-tricosene on decapitated females increased by an average of 36 ng during courtship, about the same increase as for intact females courted at 1-3 hr after mating (Fig. 2) . However, for intact females mated 24 hr previously, the amount of 7-tricosene increased by 75 ng during exposure to males (Table 4) , more than twice the increase for decapitated females. A significant interaction between courtship and decapitation (Table 4) shows that the amount of 7-tricosene increases preferentially on intact, courted females. Although 7-tricosene is released by mated females during courtship, very little internal 7-tricosene is present before courtship (see above). Thus, the synthesis and release of 7-tricosene by mated females may be relatively closely coordinated.
As a further test of the hypothesis that females mated 24 hr previously are able to release 7-tricosene, I paired intact females with decapitated males in Plexiglas chambers for 45 min. Mated females avoid males and a decapitated male does not court, so minimal contact, if any, would occur with such a male. Even so, the amount of 7-tricosene on these females increased significantly, to 53 ± 3 ng, n = 9 (t = 4.6, P < 0.001 when compared to the values in Table 4 for females not exposed to males). Placing a decapitated female with a decapitated male for 45 min did not lead to any increase in 7-tricosene (33 ± 3 ng, n = 7, compare to values in Table 4 ), so the pheromone does not increase on females via airborne transfer.
Timing of 7-Tricosene Release by Mated Females. Finally, I compared intact and decapitated females paired with intact males (Table 5 ) to determine whether females release 7-tricosene by 6 hr after mating but not by 3 hr. At 3 hr after mating, about the same amount of 7-tricosene was recovered from decapitated and intact females. By 6 hr after mating, however, more 7-tricosene was recovered from the intact females (Table 5) . A significant interaction between time after mating and decapitation (F(1,32) = 6.2, P < 0.02) indicates that at 6 hr after mating, but not at 3 hr, females release 7-tricosene when they are courted. This accounts for the difference in 7-tricosene present on courted females at 3 and 6 hr after mating (Fig. 2) .
DISCUSSION
Transfer of 7-tricosene and the minor tricosenes is virtually complete within 3 min after mating begins, but no other volatile compound changes significantly during that time interval. Another potential antiaphrodisiac, cVAc (13) , is transferred to females during mating (9, 12), but not until about 5-6 min after copulation begins (D.S. and R. C. Richmond, unpublished results). The first 3 min of copulation is sufficient to induce a decrease in attractiveness characteristic of females whose matings have not been interrupted (2) , so 7-tricosene and the minor tricosenes are most likely to be responsible for the initial postmating decrease in female attractiveness.
By 24 hr after mating, intact but not decapitated females release an aversive chemical cue to males that inhibits their subsequent courtship of other females (4) (5) (6) (7) 22) . At 6 and 24 hr after mating, intact females, but not decapitated ones, release 7-tricosene and the associated tricosenes during courtship. Of the 26 hydrocarbons (17) and the male-derived cVAc (9, 11, 12) previously identified from mated females, only 7-tricosene and the minor tricosenes increased significantly as a result of exposure to males at any time after mating. At 6 and 24 hr after mating, tricosenes were also the only compounds that increased preferentially on intact females that had been exposed to males. These results indicate that tricosenes are the aversive cue demonstrated by Jackson et al. (6) .
It is possible that of these tricosenes, only 7-tricosene has a direct antiaphrodisiac function. Minor pheromone components are often important for biological activity (see ref. 23 for review), but a shift in the double bond by one position can result in an order-of-magnitude decrease in response to a pheromone (24) . The minor tricosenes, which probably have double bonds shifted by two positions (20) , may simply be by-products of 7-tricosene synthesis and may play little or no direct role as antiaphrodisiacs.
Even if the minor tricosenes do not actually contribute to the antiaphrodisiac properties of 7-tricosene, they may still play a pheromonal role. A multicomponent system (three different tricosenes) would allow for considerable variation between individuals. This could help explain why males are inhibited by others' antiaphrodisiacs but not by their own. For example, males continue to court the same virgin female as actively for at least 1 hr (4), buti1 hr of exposure to courting males decreases the attractiveness of immature virgins to subsequent males (Table 3) .
During mating, 7-tricosene is transferred from the male's cuticle to the female via direct contact. By 6 hr after mating, initially low female synthesis of 7-tricosene has increased, and 7-tricosene is released during subsequent male courtship. Thus, mated D. melanogaster females appear to mimic males by releasing a female-derived antiaphrodisiac that is also the major hydrocarbon component of the male cuticle. Male Heliconius butterflies (25) and sweat bees [Lassioglossum (Dialictus) zephyrum] (26) also transfer an antiaphrodisiac to females during courtship and mating, but in neither of these systems has it been documented that mated females later begin to release the same compound initially transferred by males.
Although 7-tricosene is released during courtship, some 7-tricosene release can be stimulated by a decapitated male, which does not court. Thus, the presence of a male pheromone may be sufficient to induce 7-tricosene release by females mated at least 6 hr previously. 7-Tricosene is the major hydrocarbon component of the male cuticle (8, 17, 20) , so it may be the male pheromone that stimulates 7-tricosene release by mated females. The 35-45 ng of 7-tricosene present on females mated 6-24 hr previously evidently does not stimulate them to release more 7-tricosene, so mated females might respond to 7-tricosene only after it exceeds some threshold. There is much more 7-tricosene on males than on mated females (even after exposure to males), so this condition could be met.
The 7-tricosene and associated tricosenes transferred from males to immature females during a 1-hr exposure significantly reduce female attractiveness and therefore have demonstrable antiaphrodisiac properties (Table 3 ). This reduction is not as great as would be expected for mated females (1, 2, 21) , but the appearance of antiaphrodisiac compounds may not be the only change in mated females that contributes to a decrease in attractiveness. Mated females are less receptive than virgins (18) , and they also appear to be less active. Female movement can stimulate male courtship (7, 27, 28) , and the effect of aversive cues released by mated females is greater when test females are immobilized (4, 7). Thus, transfer of an antiaphrodisiac to a virgin female might not effect a complete decrease in attractiveness. Even though some attributes of a mated female would be present, the female would still behave like a virgin. Topical application of synthetic 7-tricosene to decapitated virgin females, which are not very active, causes a decrease in attractiveness comparable to that for mated females (D.S., D. A. Carlson, and R. C. Richmond, unpublished results).
The antiaphrodisiacs of male and mated female D. melanogaster may include different compounds (14) , but 7-tricosene could still be a primary component of both. Males are less attracted to virgins after exposure to mated females (4, 5, 7) , so the inhibition of male courtship by mated females may involve an association between an antiaphrodisiac and female-specific sex stimulants (7, 20, 22) . Both types of compounds would be present on mated females but not on males, which could lead to a difference in the way males and mated females were perceived by conspecifics. Scott and Richmond (21) proposed a two-stage decrease in mated-female attractiveness, similar to that proposed by Manning (18) for decreased receptivity. The first stage is associated with the act of copulation itself and could be accounted for by 7-tricosene transferred from the male. The second stage occurs between 4 hr and 6 hr after mating, the same time interval during which female synthesis of 7-tricosene increases and it is first released to males. Thus, the second stage may be dependent on 7-tricosene synthesized by the female.
